Stepping motors are normally operated without feedback and may suffer from loss of synchronization. This can be prevented by the use of positional feedback. A simple control algorithm is developed which allows a stepping motor to operate effectively in open-loop mode as long as it remains synchronized, but which recovers from loss of synchronization following a disturbance. The control algorithm can be implemented as four interconnected state machines, an up/down counter and a ratemeter.
INTRODUCTION
Stepping motors have been used in open-loop mechanical positioning systems for many years, and are still the motor of choice in a wide range of applications. Their ability to move through fixed angular increments or steps means that stepping motors can be used without feedback and that interfacing to digital positioning systems is particularly easy. Stepping motors are also simple, robust and very reliable.
The incremental motion generated by stepping motors is usually converted to absolute motion by performing an initial indexing operation in which the motor is driven to a reference position sensed by, for example, a micro-switch. After indexing any required absolute position can be obtained by applying the appropriate drive waveforms to the motor. Of course this assumes that the motor remains synchronized to the drive waveforms.
Under normal operating conditions the load torque will cause a small displacement of the rotor from its nominal position, but such displacements are not cumulative and do not lead to a loss of synchronization. However, synchronization will be lost if the load torque exceeds a critical value which is dependent on the motor speed. This can be the result of too-rapid acceleration of a high inertia load, excessive load friction or operation at a resonant step rate. In an open-loop positioning system this loss of synchronization can be neither detected nor corrected, and all subsequent absolute positioning operations will be in error.
In practice the load friction, and also possibly the load inertia, will not remain constant. To guarantee satisfactory operation it is therefore necessary to design open-loop stepping motor systems to operate well below the torque at which loss of synchronization occurs. This implies that a larger motor must be used than is strictly necessary, and that the performance of the system does not normally approach that potentially available.
These problems can be overcome by the used of positional feedback [1, 2] . In a closed-loop stepping motor system the position of the rotor is sensed and the information gained can be used to both detect and correct loss of synchronization. The excess torque capability that must be designed into open-loop systems is no longer necessary and it is possible to exploit fully the performance of the motor.
Feedback can be provided by an optical incremental shaft encoder coupled to the rotor, generating two binary signals from which it is possible to derive both the magnitude and direction of rotation. Lowcost 500-line encoders which can be mounted directly on a stepping motor are now readily available. An alternative method of determining the rotor position is to observe the current waveforms in the stator windings [3, 4, 5, 6, 7] but this approach has certain drawbacks and is difficult to apply to hybrid motors. For the rest of this paper it will be assumed that the positional feedback is derived from an optical encoder, although the control method described could equally-well be implemented using current sensing.
CLOSING THE LOOP
Most closed-loop stepping motor controllers have used positional feedback simply to control the time at which the winding excitation changes [1, 2, 3, 4, 5, 7] . This approach can be used to obtain the maximum torque at any given speed, but it does not allow the motor position or speed to be controlled as is required in many traditional applications of stepping motors. The purpose of this paper is to describe a control algorithm which provides the advantages of closed-loop control while employing standard open-loop command signals and using a standard open-loop sequencer. As a result the closed-loop controller can be incorporated in an existing open-loop stepping motor system with the minimum of disruption.
A typical open-loop multi-axis mechanical positioning system using stepping motors is shown in figure 1 . The coordinator controls the motion of several stepping motors generating, for each motor or axis, two signals: step and dir. Conventionally the step signal is active-low and a 1-to-0 transition causes the motor to perform a single step in the direction determined by the value of dir.
For each axis there is a sequencer which accepts step and dir signals and converts them to the drive signals for the stator windings. A hybrid stepping motor has two stator windings, ph_1 and ph_2, each of which must be capable of being excited in either sense. In a 4-step sequence both windings are excited at all times and four steps advance the rotor by one tooth. Most hybrid stepping motors have 50 rotor teeth so that a 4-step sequence gives 200 steps per revolution and a step size of 1.8 degrees. A smaller step size is provided by the 8-step sequence in which eight steps advance the rotor by one tooth. This gives 400 steps per revolution and a step size of 0.9 degrees, but the improved resolution is obtained at the expense of a slightly reduced torque. For the rest of this paper it will be assumed that an 8-step sequence is to be used.
Although a few volts are usually sufficient to maintain a steady current in the stator windings, a much larger voltage is necessary to overcome the e.m.f. generated by movement of the rotor together with the back e.m.f. of the winding inductance when the current must be changed rapidly. Most sequencers operate from a single high-voltage power supply and use a chopping technique to maintain the winding current at its nominal value.
If feedback is to be employed then the additional logic, which will be termed the closed-loop controller or CLC, should ideally be situated between the coordinator and the sequencer, as shown in figure 1 . The CLC accepts the step and dir signals from the coordinator, together with the feedback signals A and B from the encoder, and generates two new step and dir signals to feed to the sequencer.
The resolution of an optical shaft encoder is determined by the number of lines n on the encoder disc. During one complete revolution the output signals A and B each undergo n cycles, giving a total of 4n transitions. Clearly the encoder resolution must be related to the step size of the motor. An obvious choice is to make the number of encoder transitions per revolution the same as the number of motor steps per revolution, so that for a hybrid motor with 50 rotor teeth n=100. Unfortunately this approach requires that the encoder disc be accurately aligned (to a fraction of a degree) with the rotor, a procedure which in practice is likely to be difficult, time-consuming and expensive.
The alternative is to have several encoder transitions per motor step. This allows the encoder disc to be aligned electronically, making mechanical alignment unnecessary. Immediately following the application of power to the system both stator windings of the motor are excited and encoder transitions are ignored while the motor settles down to a well-defined position. Subsequently the number of motor steps moved can be determined by dividing the number of encoder transitions by an appropriate ratio. For example, a low-cost 500 line encoder could be used with a 400 step/rev motor to give 5 transitions per step.
THE LOOP CONTROL ALGORITHM
Under normal conditions the motor should respond to the step and dir signals from the coordinator as if operating open-loop. The CLC therefore simply passes on unaltered the step and dir signals to the sequencer. Only when synchronization fails, or is about to fail, should the feedback loop become active.
The step and dir outputs from the coordinator can be regarded as defining a command position cpos. In a similar way the step and dir inputs to the sequencer define an excitation position xpos, and the A and B outputs from the encoder can be processed to give the motor position mpos. To simplify the following discussion the values of cpos, xpos and mpos will be expressed in terms of steps rather than in angular form. How then should xpos be derived from cpos and mpos ? Figure 2a shows the static torque characteristic of a typical small hybrid stepping motor with both stator windings excited (xpos = 0). Up to a displacement of ±2 steps the torque increases with displacement and its direction is such as to resist the displacement. For larger displacements the torque decreases and eventually changes sign. Ideally the torque, having reached a peak value at ±2 steps displacement, should remain at this peak value for larger displacements. If this could be achieved then the torque would always act towards zero displacement, and synchronization would be assured provided that cpos remained zero.
An approximation to this ideal torque characteristic can be obtained by changing the stator winding excitation xpos when the displacement mpos exceeds ±2 steps according to: if mpos < -2 then 1. xpos := mpos + 2; elsif mpos > 2 then xpos := mpos -2; else xpos := 0; endif;
Of course motor shaft rotation is continuous and mpos is therefore taken to be the nearest integer value to the appropriately scaled shaft angle. The static torque characteristic corresponding to algorithm 1 is shown in figure 2b. Torque discontinuities arise because an 8-step sequence alternates between one and two stator windings excited.
Algorithm 1 is only suitable for maintaining a position of zero, but a minor modification allows the motor position mpos to be controlled to cpos:
xpos := mpos + 2; elsif mpos -cpos > 2 then xpos := mpos -2; else xpos := cpos; endif;
Although this algorithm appears to be satisfactory under static conditions (the torque is always directed towards reducing the error term mpos-cpos) it is not obvious that the dynamical behaviour will be acceptable. As long as the error remains within ±2 steps the excitation xpos is independent of the motor position mpos and the performance is identical to that of an open-loop system. For larger errors, however, the feedback becomes effective, leading to a performance which is more complex and difficult to predict. An approximate calculation, using a describing function to represent the nonlinearity inherent in the control algorithm, will be used later to investigate the stability of the system but this approach is unsuitable for calculating the response of the system in any detail. The only practical alternative method of determining the response is to construct a computer model of the motor, sequencer and load, and then to simulate the complete system.
SIMULATION OF THE CLOSED-LOOP SYSTEM
Before the closed-loop system can be simulated it is necessary to choose appropriate values for the motor and load parameters. Every set of parameter values will, of course, lead to a unique simulation result, but in this paper it is only possible to present results corresponding to a single set of values. Some typical set of parameter values must therefore be selected.
A type 23HS-108 motor was chosen for the simulations because it typifies small hybrid stepping motors. The stator windings are assumed to be excited by a 24 V, 2 A bipolar chopper drive.
Choice of the load parameters is more difficult because there really is no typical load. As a general rule, however, the load inertia will not normally greatly exceed the motor inertia and for the purpose of these simulations the total inertia will be assumed to be equal to the motor inertia. Coulomb and viscous friction in the load usually dominate the motor friction. Up to a point the performance of the closed-loop system described here improves with increasing friction because friction provides the only significant damping of overshoot. The worst-case assumption is that the load friction is zero, and in the simulations presented here the total friction is assumed to be equal to the motor friction. In any real system the overshoot is likely to be less serious than that predicted by the simulations.
The results of the simulations are displayed in graphical form with the rotor angular velocity dmpos/dt (expressed in steps/s) plotted against positional error mpos-cpos (expressed in steps). There are three important situations to consider, all of which may lead to loss of synchronization in open-loop systems: operation at a resonant rate, operation above the maximum start-stop (pull-in) rate and excessive load torque.
Loss of synchronization due to resonance is only observed in lightly damped systems, particularly if an 8-step sequence is used. Figure 3 shows the response of open-loop and closed-loop systems to a sequence of 20 steps at the resonant rate of 153 steps/s. Both systems start from rest with zero positional error. In the case of the open-loop system the positional error builds up over several steps until at the 6th step the error exceeds 4 steps and synchronization is lost. This does not happen in the closed-loop system where, in spite of oscillations of approximate amplitude ±4 steps around the command position, synchronization is maintained.
The effect of operating outside the pull-in characteristic of the motor is shown in figure 4 where a sequence of 100 steps at a rate of 4000 steps/s is applied to a motor initially at rest. As expected this simulation demonstrates that the open-loop system loses synchronization whereas the closed-loop system settles down to a rotor velocity around 4000 steps/s, and at the end of the step sequence returns to the zero error position.
Finally, figure 5 shows the effect of applying a torque of 0.5 N (which exceeds the peak motor torque) for 10 ms. This causes rapid loss of synchronization in the open-loop system whilst the closed-loop system recovers, even from very large positional errors.
Ideally the recovery from positional error should be asymptotic (that is free from overshoot) but this is far from being the case as can be seen from figures 4 and 5. The control system itself provides no damping and correct operation relies on friction in the motor and load, and on electrical damping provided by the sequencer. In most applications load friction will provide a more rapid approach to rest than that illustrated.
It is probable that a more sophisticated control algorithm could be devised which generated additional damping. For example, the motor speed could be sensed and used in a manner similar to the tachometer in a conventional servomechanism. Unfortunately this would detract from the essential simplicity of the control algorithm described here, and would involve adjustments to suit particular motor/load combinations.
EXCITATION ANGLE
Under closed-loop conditions algorithm 2 generates an excitation which is two steps in advance of the motor position and this provides maximum torque at low stepping rates. At high stepping rates, however, the current in the stator windings lags behind the excitation signals because of the effect of winding inductance. To obtain the maximum torque under these conditions the excitation should be more than two steps in advance of the motor position [5, 7, 8] . This is illustrated in figure 6 , where the torque-speed characteristics for various excitation angles are shown.
With an excitation angle of 2 steps the torque falls off rapidly with rotor speed and very little torque is available above 10000 steps/s. In this respect a closed-loop system is markedly inferior to an openloop system. When the excitation angle is increased to 3 steps the performance at high stepping rates is much improved, and useful torque is available at speeds in excess of 20000 steps/s. At stepping rates above 25000 steps/s a further small improvement may be gained by increasing the excitation angle to 4 steps.
To obtain a good overall performance it is therefore necessary to employ a variable excitation angle which changes from 2 steps to 3 steps as the motor reaches some predetermined rotor speed. The small increase in performance at very high rotor speeds which could be obtained by using an excitation angle of 4 steps does not justify the extra complexity. The control algorithm can easily be modified to incorporate a variable excitation angle ea under closed-loop conditions:
if mspeed > sp then 3. where mspeed is the actual motor speed, and sp is the speed at which the excitation angle is required to increase. The advantages of a variable excitation angle are confirmed in figure 7 , which shows the simulated responses of closed-loop stepping motor systems, both with and without variable excitation angle, to a linear acceleration from rest of 100000 steps/s 2 . As expected, with a fixed excitation angle of 2 steps the system cannot follow the command position above a speed of about 10000 steps/s. The variable excitation angle system uses 2 steps up to a rotor speed of 5000 steps/s and 3 steps at higher rotor speeds; it remains within a few steps of the command position at speeds up to about 14000 steps/s.
STABILITY
The CLC contributes both gain and delay to the feedback loop, and it is therefore necessary to determine under what conditions the system will remain stable. For small disturbances from equilibrium (where mpos-cpos ≤ 2 steps) the CLC simply transfers the step and dir signals unchanged from its input to its output. The feedback is therefore inoperative and the system has the same stability properties as an open-loop stepping motor. If the command position is stationary then the excitation of the stator windings is constant and the motor will settle to a stable equilibrium position. If the command position is changing then the motor may suffer from resonance instability and mid-range instability as in open-loop systems; unlike in open-loop systems, however, the resulting loss of synchronization is temporary.
For larger disturbances the stability properties will be analyzed with reference to the block diagram shown in figure 8 . A command position cpos of zero will be used during the stability analysis and the control algorithm block will initially be taken to be delay-free. Figure 2b shows the static torque characteristic of a stepping motor in conjunction with the proposed control algorithm. An idealized representation of this characteristic is shown in figure 9 where T 0 represents the mean of the torques generated by the motor with one or two windings excited. The describing function F for this characteristic is given by:
where M is the amplitude of the input sinusoid. As M increases above 2 the magnitude of F falls monotonically from its peak value of T 0 /2.
The motor response θ to the applied torque T can be represented by the differential equation:
where J is the moment of inertia and D the viscous friction coefficient of the rotor. The corresponding transfer function is:
Finally the encoder converts the rotor angle to steps:
Combining equations 6 and 7 with the describing function gives the loop gain G(s):
Assuming that the system is lightly damped, that is ω 0 J » D, the unity gain frequency ω 0 and the phase margin φ are given by: For higher amplitudes of oscillation the describing function F, and therefore the unity-loop-gain frequency ω 0 , fall in magnitude; this leads to an increased phase margin φ. The most critical conditions for stability therefore occur at oscillation amplitudes around 2 steps. For the system to be stable it would seem that the delay T d in the CLC must generate a phase of less than φ at the unitygain frequency:
There are two main contributions to the delay in the closed-loop controller: the time taken to execute the control algorithm and the delay in establishing the currents in the stator windings. If the control algorithm is implemented in a manner similar to that described in the following section then its delay will be negligible compared with the delay associated with driving the stator windings.
The time T s to establish a current I 0 in a winding of inductance L using a drive voltage of V 0 is given by:
and the effective delay T d is one half of this value. For an HS23-108 motor driven from a 24 V supply the effective delay is 65 µs. Does this mean that the closed-loop system is unstable ? Fortunately it does not. A closer look at the effect of delay in the CLC shows that it affects the times at which the excitation changes only. Figure 10 shows the torque characteristic with a delay equivalent to ¼ step. Crucially the central part of the characteristic where the torque changes from +T 0 to -T 0 is not delayed, and outside the central region the delay has very little effect on the average torque. Consequently the idealised torque characteristic given in figure 9 is still valid provided that the delay is less than the time between steps.
With an oscillation amplitude of 2 steps at the unity-loop-gain frequency of 9.1×10 2 rad/s the stepping rate is 1.8×10 3 steps/s and the time between steps is 560 µs. Comparing this with the actual delay (65 µs) shows that the conditions for stability are easily met. Any additional load inertia or damping will increase the stability margins.
IMPLEMENTATION
In any practical application both the step_in and dir_in command signals, and the A and B encoder signals, may be subject to electronic interference. Spurious transitions on the step_in input will lead to a positional error which cannot, of course, be corrected by the feedback. More seriously, interference on the encoder signals could lead to an incorrect value for mpos and a consequent loss of control. In order to reduce the likelihood of incorrect operation these signals should be digitally filtered before being processed further: a new logical value should be accepted only if it is maintained for a minimum period of, say, 2 µs. This is well within the limits on controller delay established in the previous section.
After filtering the step_in and dir_in signals are further processed to give cpos_up and cpos_dn which, if applied to an up-down counter, would generate the command position cpos. The encoder signals must be divided by an appropriate ratio to scale the positional information into motor steps and further processed to give mpos_up and mpos_dn. A reset input pre-loads the divider with half the division ratio during the initial encoder alignment operation. Decoding of the step_in and dir_in command inputs, and the A and B encoder signals, can be performed by simple state machines operating at a clock frequency of around 1 MHz. Algorithm 3 suggests that the command position cpos and the motor position mpos must be generated individually, but in fact only the positional error mpos-cpos is required. This can easily be understood if the operation of the algorithm is considered separately for the cases of large and small errors If mpos-cpos > ea then the excitation position xpos follows the motor position mpos; any change in mpos should be reflected in a similar change in xpos. If xpos_up and xpos_dn are signals which increment and decrement xpos then:
On the other hand, if mpos-cpos < ea then xpos follows cpos:
All that is required to implement the control algorithm, therefore, is an error register to hold mpos-cpos and a switch which directs either mpos_up and mpos_dn, or cpos_up and cpos_dn, to xpos_up and xpos_dn, depending on the contents of the error register. In figure 11 the error register is incremented by either mpos_up or cpos_dn, and is decremented by either mpos_dn or cpos_up; its output is fed to the control block which generates the xpos_up and xpos_dn signals as described above. The excitation angle ea used depends on the signal hisp received from the rate-meter monitoring mpos_up and mpos_dn. Although the control algorithm appears to be a combinational function, the control block does in fact require memory in order to deal with changes in ea.
Finally the pulse shaper converts xpos_up and xpos_dn into step_out and dir_out to drive the sequencer. All sequencers specify a minimum width for their step input pulses and most also demand a delay between changes in dir and the next active transition of step. This implies that the pulse shaper should also act as a buffer, holding step pulses in a register until they can be output in accordance with the specification of the sequencer.
Altogether four state machines (decoders, control and pulse shaper), a bi-directional counter and a ratemeter are used to implement the closed-loop controller. A prototype of the closed-loop controller, operating at a clock frequency of 2.4 MHz, has been constructed using standard LSTTL integrated circuits. The complexity of the controller is such that for production purposes it should prove possible to implement it on a single FPGA with considerable savings in size, cost and current consumption.
MEASUREMENTS
Measurements were made on a system consisting of a 23HS-108 motor coupled to a 500 line encoder, a 24 V, 2 A chopper drive, and a CLC implemented as described in the previous section. The results are therefore directly comparable with the simulations. An unloaded motor provides the worst conditions for stability and return to synchronization that are likely to be encountered in practice.
The rotor position was sampled at 250 µs intervals and the data smoothed to reduce the effects of measurement quantization noise. For each set of measurements made on the closed-loop system a similar set was made with the motor operated in conventional open-loop mode. figure 3 it is clear that the closed-loop results are in good agreement, whereas the open-loop results appear to be somewhat different. This is to be expected because the motion of an open-loop system at resonance is chaotic; very small changes in the step rate or motor parameters can lead to completely different behaviour.
A sequence of 100 steps at a rate of 4000 steps/s was applied to both open and closed-loop systems, and the results are shown in figure 13. These measurements are in reasonable agreement with the simulations shown in figure 4 . During the step sequence the position of the motor in the closed-loop system oscillates around the command position by -8 to +4 steps; at the end of the step sequence the motor returns to rest without loss of synchronization. These results are presented in a different way in figure 14 where the motor position is plotted against time If the demanded stepping rate or acceleration exceeds the capability of the motor and drive then synchronization is temporarily lost, but is recovered subsequently. This may lead to large transient errors (mpos-cpos) as illustrated in figure 15 , where the response to a sequence of 100 steps at 20000 steps/s is plotted.
With one exception the closed-loop system is stable under all conditions. Limit cycling of low amplitude occurs when the motor position is held close to a discontinuity in the closed-loop static torque characteristic (see figure 2b) . In any real application this form of instability will not be observed because the static load torque will be lower than that required to hold the motor at the critical positions.
A potential problem concerning the electronic encoder alignment was identified during the measurements. Provided that the load torque remains fairly small compared with the peak motor torque during the alignment period then no difficulties arise. However, if the initial load torque is sufficient to displace the motor position by a substantial fraction of a motor step then the alignment is in error and subsequent closed-loop operation is unsatisfactory.
In general the closed-loop system behaved as expected, providing considerable performance advantages over an open-loop system using the same motor and drive.
CONCLUSIONS
The problem of loss of synchronization in open-loop stepping motor systems can be overcome by the use of positional feedback. An important application of stepping motors is in mechanical positioning systems where, typically, a single coordinator generates step and dir signals for a number of motors. It is convenient to place the CLC between coordinator and sequencers, with feedback derived from incremental encoders. This simplifies retro-fitting of a CLC to an existing open-loop system.
Under normal conditions the stepping motor should behave as if operating open-loop, with the feedback only becoming effective when the error between the nominal and actual motor positions exceeds some limit. The feedback controls the motor excitation in such a way as to generate the maximum torque in the direction of zero positional error. This simple control algorithm leads to a stable system which can recover from loss of synchronization caused by resonance, too-rapid acceleration or excessive load torque. No damping is provided by the control algorithm itself and the closed-loop controller relies on damping in the motor and load for correct operation.
Theoretical analysis and computer simulation of the closed-loop controller with typical stepping motor and drive parameters indicate that the system is stable and can recover from loss of synchronization, however caused. Measurements made on a real system confirm these results.
In order to achieve the best performance it is necessary to adjust the excitation angle that is used in closed-loop mode according to the motor speed. At low speed an excitation angle of 2 steps is used, increasing to 3 steps at high speeds.
By incorporating closed-loop controllers in existing open-loop stepping motor systems the problem of loss of synchronization can be eliminated at relatively low cost. This removes the need to operate at well below the maximum motor torque, and therefore allows a better performance to be obtained.
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